Resource Recovery from Waste: Restoring the Balance between Resource Scarcity and Waste Overload by Velenturf, APM & Purnell, P
sustainability
Article
Resource Recovery from Waste: Restoring the Balance
between Resource Scarcity and Waste Overload
Anne P. M. Velenturf * ID and Phil Purnell
Resource Recovery from Waste Programme, School of Civil Engineering, University of Leeds, Leeds LS2 9JT, UK;
P.Purnell@leeds.ac.uk
* Correspondence: A.Velenturf@leeds.ac.uk; Tel.: +44-1134-32279
Received: 13 July 2017; Accepted: 1 September 2017; Published: 8 September 2017
Abstract: Current societal patterns of production and consumption drive a twin environmental crisis
of resource scarcity and waste overload. Positioning waste and resource management in the context
of ecosystem stewardship, this article relates increasing resource demand and waste production to
the violation of planetary boundaries and human rights. We argue that a transition towards a circular
economy (CE) that contributes to a resilient environment and human well-being is necessary to achieve the
UN Sustainable Development Goals. The transition requires scientific and technological progress,
including the development of low-energy biogeochemical technologies for resource recovery, and
multi-dimensional value assessment tools integrating environmental, social, and economic factors.
While the urgency to adopt a CE is well-recognised, progress has been slow. Coordinated change is
required from multiple actors across society. Academia can contribute through participatory action
research. This article concludes with the participation strategy of the Resource Recovery from Waste
programme, aiming for changes in mentality, industry practices, and policies and regulations in the
waste and resource management landscape in the UK.
Keywords: waste and resource management; ecosystem stewardship; planetary boundaries; human
rights; UN Sustainable Development Goals; sustainable production and consumption; circular
economy; participation processes; stakeholder engagement; transdisciplinary research
1. Introduction
If our society continues in its current patterns of production and consumption, we will soon
face a twin environmental crisis of resource scarcity and waste overload [1–4]. In 2010, UNEP [2]
estimated that 11.2 billion tonnes of waste—roughly 2 tonnes for every person on the planet—was
collected; the uncollected waste volume is likely to be of similar magnitude. Our current over-reliance
on emission or disposal rather than reuse or recycling causes unsustainable impacts on environmental
quality and human health, which are expected to worsen with the growing global population adopting
unsustainable consumption patterns.
Resolving the paradox of depleting virgin resources to make new products, whilst allowing these
resources to languish in discarded products that we must manage as waste, is increasingly important
in the transition towards a more sustainable circular economy (CE). Here we argue that waste and
resource management plays a key role in our current unsustainable society and hence transforming
management practices is crucial in addressing global sustainability issues. Boundaries for maintaining
long-term environmental and socio-economic stability have been crossed. Radical changes in the way
that waste and resource flows are organised are necessary; not least to achieve the UN Sustainable
Development Goals (UN SDGs) [5].
Recognising the necessity for such economic change, the Resource Recovery from Waste (RRfW)
programme was funded aiming ‘ . . . to gather the evidence to improve the way that waste is valued as a
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resource, based on a whole system approach, i.e., incorporating environmental and social benefits and not just
economic’ ([6] p. 1). This research programme develops interdependent technical and social solutions for
waste and resource management as part of a CE, striving to maximise societal benefits. This article aims
to explain the starting position i.e., the rationale for initiating RRfW, detailing the necessity for a CE that
contributes to a resilient environment and human well-being, and provide grounding for delivering
projects and overarching programme activities through close transdisciplinary partnerships. Section 2
places waste and resource management in the context of ecosystem stewardship. Sections 3 and 4
connect waste and resource management to environmental and social boundaries. Section 5 discusses
economic models, followed by areas where scientific and technological progress is particularly needed
in Section 6. Section 7 argues that progress towards sustainable waste and resource management
has been slow and proposes participation process management, and participatory action research
specifically, to engage the multiple stakeholders involved in the transformative changes that are
required. We conclude with the participatory strategy adopted by RRfW to illustrate how academia
can play a leading role in the transition towards a CE.
2. Ecosystem Stewardship and Resource Management
A healthy environment is essential for human well-being. At the most fundamental level,
people depend on the environment to meet basic human needs including access to clean water,
food and shelter. It is also widely accepted that the human species, like no other, exerts its capacity to
engineer the environment; this becomes more and more evident as increasing population, income, and
consumption couples with increased resource extraction and waste production [7]. The impacts are of
such magnitude that some argue we have entered a new geological era: the Anthropocene [8].
Ecosystems can be understood as the communities of various species’ populations within their
physical environment, and the flows of energy and matter between the living and non-living elements
in the system. Ecosystem stewardship recognises the human species as integral part of the ecosystem,
and argues that people carry a responsibility to manage the environment such that society’s use
of resources is compatible with the ecosystem’s capacity to sustain services [9–11]. The (resource)
economy is embedded in human society, which in turn is dependent on the biophysical environment
of the ecosystem (Figure 1).
Sustainability 2017, 9, 1603  2 of 17 
i ’ ([6] p. 1). his research programme develops interdependent technic l and social solutions 
for waste and resource management s part of a CE, striving to aximise societal benefits. This article 
aims to explain the starting position i.e., the rationale for initiating RRfW, detailing the necessity for 
a CE that contributes to a resilient environment and human well-being, and provide grounding for 
delivering projects and overarching programme activities through close t ansdisciplinary 
artnerships. Section 2 places waste a d res urce managem nt in the context of ecosystem 
stewardship. Section  3 and 4 connect wast  and resource management to environmental and social 
boundaries. S ction 5 iscuss s economic models, followed by areas where scientific an  
technol gical progress is particularly ne ded in Section 6. Section 7 argues that progress towards 
su tainable aste and re ource management ha  been slow and proposes participation process 
managemen , and participatory action research specifically, to ngage the multiple stake olde s 
involve  in the transformative changes that are required. We conclude with the pa ticipatory strategy 
ado ted by RRfW t  illus rate how academia can play a leading role in the transition towards a CE.  
2. Ecosystem Stewardship and Resource anagement  
A healthy environment is essential for human well-being. At the most fundamental level, people 
depend on the environment to meet basic human needs including access to clean water, food and 
shelter. It is also widely accepted that the human species, like no other, exerts its capacity to engineer 
the environment; this becomes more and more evident as increasing population, income, and 
consumption couples with increased resource extraction and waste production [7]. The impacts are 
of such magnitude that some argue we have entered a new geological era: the Anthropocene [8].  
Ecosystems can be understood as the communities of various species’ populations within their 
physical environment, and the flows of energy and matter between the living and non-living 
elements in the system. Ecosystem stewardship recognises the human species as integral part of the 
ecosystem, and argues that people carry a responsibility to manage the environment such that 
society’s use of resources is compatible with the ecosystem’s capacity to sustain services [9–11]. The 
(resource) economy is embedded in human society, which in turn is dependent on the biophysical 
environment of the ecosystem (Figure 1).  
 
Figure 1. Ecosystem stewardship recognises people, and the way they organise society and resource 
flows, as an integral part of the biophysical environment.  
The next two sections relate waste and resource management to biophysical and societal 
boundaries, emphasising the key role of waste and resource management in achieving UN SDGs [5]. 
Out of the 17 goals, 12 directly contain targets to improve waste and resource management; others, 
such as education, policy, and finance, can indirectly enhance sustainable waste and resource 
management. The global goals on affordable and clean energy (Goal 7), clean water and sanitation 
Figure 1. Ecosystem stewardship recognises people, and the way they organise society and resource
flows, as an integral part of the biophysical environment.
Sustainability 2017, 9, 1603 3 of 17
The next two sections relate waste and resource management to biophysical and societal
boundaries, emphasising the key role of waste and resource management in achieving UN SDGs [5].
Out of the 17 goals, 12 directly contain targets to improve waste and resource management; others, such
as education, policy, and finance, can indirectly enhance sustainable waste and resource management.
The global goals on affordable and clean energy (Goal 7), clean water and sanitation (6), and life below
water and on land (14 and 15) contain the highest proportions of targets aiming to alter waste and
resource flows in our economy (Figure 2). Various targets propose far-reaching changes for industry,
including the following:
• 6.3: By 2030, improve water quality by reducing pollution, eliminating dumping, and minimizing
release of hazardous chemicals and materials, halving the proportion of untreated wastewater
and substantially increasing recycling and safe reuse globally.
• 9.4: By 2030, upgrade infrastructure and retrofit industries to make them sustainable, with
increased resource-use efficiency and greater adoption of clean and environmentally sound
technologies and industrial processes, with all countries taking action in accordance with their
respective capabilities.
• 12.1: Implement the 10-Year Framework of Programmes on Sustainable Consumption and
Production Patterns, all countries taking action, with developed countries taking the lead, taking
into account the development and capabilities of developing countries.
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3. Crossing Planetary Boundaries
Since the mid-20th century, people have changed ecosystems at an unprecedented speed and
scale, driven by the increasing demand for food, water, timber, fibre, and fuel, i.e., growing resource
use, and the development of the supporting infrastructure for these resource flows and the discharge
of wastes [9]. While the growing resource economy has generally increased welfare in the short term,
important negative impacts have emerged that will impede both the long-term well-being of people
and the resilience of the biophysical environment.
Nine planetary boundaries have been identified, outlining the ‘safe operating space’ for humanity
(Table 1). Crossing these boundaries could cause catastrophic environmental change, destabilising
global ecosystems into states that are less desirable for people [12].
Table 1. The nine planetary boundaries outlining the safe operating space for humanity are directly
linked to waste (in its broadest sense including emissions of pollutants into the environment) and
resource management [12].
Planetary Boundary Relation to Waste and Resource Management
Climate change
Mainly driven by use of fossil fuels and land use changes such as deforestation;
reflected in CO2 concentration, increased number of heatwaves and heavy rainfall
events, droughts, and polar ice mass loss [13].
Ozone depletion Caused by a combination of anthropogenic ozone-depleting substances such as CFCsand nitric acid.
Ocean acidification Carbon dioxide emissions from fossil fuel use leads to ocean acidification bydissolving in sea water as well as carbon uptake by marine organisms.
Biogeochemical loading
Atmospheric N2 is converted into biologically active forms through industrial
ammonia production, crop production, and burning of fossil-fuels and biomass.
Most N2 intended for crop fertilisers dissipates into the (aquatic) environment where
it causes pollution. While P dissipates into the environment through natural
processes, the human use of detergents and sewage effluent flows adds to P loading
in the (aquatic) environment.
Land system change
Land conversion to crop land and agricultural intensification. Controllable by only
using most productive areas for crops, limiting land degradation, maintaining
irrigation water flows, and managing competing land-uses including urbanisation
and biofuel production as well as managing consumption patterns and
waste generation.
Rate of biodiversity loss
(biosphere integrity [13])
Including genetic and functional diversity [13]. Humanity accelerated biodiversity
loss by 100–1000 times Earth’s historic extinction rates. Species loss is driven by
habitat loss and degradation, overexploitation, species introductions, climate change,
and pollution.
Global freshwater use Temporal and spatial flows of freshwater are mainly controlled by people, affectingother resource flows such as access to food and precipitation patterns.
Atmospheric aerosol
loading
Global concentrations of aerosols have doubled due to human activity in the past
250 years, impacting precipitation patterns and human health (especially respiratory
diseases). Aerosol loading can also impact agricultural productivity, forest cover, and
freshwater fish.
Chemical pollution
This includes pollution through heavy metals, organic compounds of human origin,
and radioactive compounds, impacting human health and the physiology of other
life. Exposure can be direct through air, water, and soil but also through
accumulation in food chains. Effects are not necessarily directly lethal but can disrupt
endocrine systems etc. For some chemicals, planetary boundaries have been crossed
(e.g., POPs such as dioxins and DDT); however, determining whether the overall
planetary boundary has been crossed is not possible yet due to the large range and
complexity of chemicals produced by humanity.
With four boundaries already crossed—for climate change, biogeochemical loading, biosphere
integrity [9], and land system change, the latter of which was added when relations to the first three
crossed boundaries were reexamined [13]—action to return to and/or stay within the safe operating
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space is urgent. First, atmospheric carbon dioxide (CO2) concentration increased by ca. 32% in the past
250 years, driven by burning fossil fuels and land use changes. Over half of industrial CO2 emissions
are associated with the processing of primary materials such as steel, timber, aluminum, glass, paper,
and concrete [14]. Avoiding the dissipation of the technical properties of these materials into waste by
developing processes to recover, reuse, and recycle them would significantly reduce carbon emissions.
Moreover, the waste management sector directly produced 3–5% of total anthropogenic greenhouse
gas emissions in 2005 [15]. Thus, the waste management sector has the opportunity to move from
being a minor source to a major saver of carbon by preventing waste arisings and recovering resources
from waste, avoiding emissions from other sectors [16].
Moving on to the second boundary crossed, for biogeochemical loading, biologically active
nitrogen flows (converted from N2 in the atmosphere) have roughly doubled, and phosphorous flows
(converted from phosphate rock) tripled in the past 50 years [12]. These increases were mainly driven
by the use of synthetic fertilisers in agriculture; 90% of global demand for phosphorus is for food
production and this demand is increasing [17]. Waste management can play a key role in closing
loops of phosphorus flows [18]. With ca. 90% of the global water footprint attributable to agricultural
products [19], development and adoption of new water treatment technologies recovering phosphorus
and nitrogen (e.g., [20,21]) would constrain additional biogeochemical loading and reduce energy
expenditure on primary sourcing of these nutrients.
Crossing of the third boundary, biodiversity loss which was later changed to biosphere
integrity [13], is caused by habitat loss, climate change, overexploitation, and pollution [9] that
has led to the mass-extinction of species, indicating the reduced capacity of the global ecosystem to
sustain life. The factors driving biodiversity loss are directly linked to unsustainable resource use.
Since direct reduction of the demand for food, water, timber, fibre, and fuel is unlikely given the
growing global population, indirect reduction via sustainable production and consumption practices
are key to limiting further biodiversity loss.
The ways in which resources are extracted, produced, used, and wasted are the routes via which
we are crossing and approaching the planetary boundaries (Table 1). Therefore, transforming waste
and resource management must play a key part in changing these self-destructive pathways. A more
sustainable circular economy (CE) approach—further discussed in Section 5—would significantly
reduce production of primary resources, freshwater demand and quality, and carbon emissions; the
associated improved waste management practices could limit environmental pollution and adverse
effects on human health.
4. Crossing Social Boundaries of Health and Well-being
‘It has long been recognized that a clean, healthy and functional environment is integral to the
enjoyment of human rights, such as the rights to life, health, food, and an adequate standard of
living’ ([22] p. viii).
Environmental change impacts on human health and well-being through ecosystem services.
Four types are identified [9]:
• provisioning services including those providing food, water, timber, and fibre;
• supporting services including soil formation, photosynthesis, and nutrient cycling;
• regulating services including managing the climate, floods, disease, wastes, and water quality; and
• cultural services including those with recreational, aesthetic, and spiritual benefits.
Humanity has already radically altered ecosystems such that about 60% of the capacity of
ecosystem services have been degraded or are being used unsustainably [9]. Environmental
degradation, especially in the form of anthropogenic climate change is already affecting, or is predicted
to affect, billions of people through direct threats such as catastrophes and more gradual processes
impeding access to clean water and food and provision of other primary needs, impacting rights to
life, food, water, health, housing, and self-determination [22,23].
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Overexploitation of natural resources and the discharge of wastes into the environment are driving
the degradation of ecosystem services that have been identified as essential for supporting these most
basic human rights (Table 2). A safe, healthy, and ecologically balanced environment is a human right
in itself [24]. Further human rights associated with an adequate living environment include access to
shelter, clothing, and other essential goods, good social relations and freedom of choice and action
(further discussed below), and security (also see right to life in Table 2) [9].
Table 2. Ecosystem changes driven by waste and resource management are linked to threats to
human rights.
Right to: Relation to Environment and Waste and Resource Management
Life
Depending on access to other fundamental rights to food, water, health and shelter.
Personal safety and security from natural and man-made disasters (linked to e.g.,
climate change and changing water flows).
Water Water and sanitation are recognised as fundamental to physical and mental health andthe right to life, disease prevention, and living a life in dignity.
Food Food production depends on environmental quality such as climate, soil, water andbiodiversity.
Health
Related to changes in land use, migration, and environmental degradation giving
space for spreading of diseases.
Linked in particular to access to clean air and water.
Intensifying resource exploitation has been associated with economic growth and welfare
increases, especially in highly industrialised countries [4,24]. However, the benefits of resource
exploitation are not equally shared around the globe, with many communities still living in poverty.
This inequality fundamentally stems from unequal access to resources. The transition towards more
sustainable resource management should contribute to solving these inequalities; see, for example,
the ambition raised in UN SDG 12.1 on the 10-Year Framework of Programmes on Sustainable
Consumption and Production Patterns integrating poverty reduction and shared prosperity [5,25,26].
While changing management of resources upstream of the waste production point is crucial for
human rights, more work also needs to be done downstream. Waste management impacts directly
on the rights to a safe environment, human health, clean water, healthy food, and safe shelter. The
effects are global, and evidently felt by both industrialised and developing countries. For example,
outdoor air pollution is estimated to cause 40,000 deaths in the UK per year [27], while over 750 deaths
related to management of dumpsites were recorded globally within just seven months [28]. Monitoring
the societal impacts of waste can be challenging as its effects on the environment (and by extension,
human health) are changing in complex ways due to climate change and the introduction of new waste
management processes, materials, components, and products [4,9].
Of particular concern are the relations between transport and disposal of dangerous wastes and
human rights. Increases of hazardous wastes and associated illegal trafficking and dumping have
long been a special focus of human rights organisations, recognised as a threat to human rights to
life and health [24]. In many cases, waste materials generated in developed countries are sent for
reprocessing to countries where labour protection laws are minimal and/or poorly enforced. Negative
social impacts will accrue that may or may not be balanced by the positive social impacts of providing
employment and economic opportunities [29].
Recovering resources from wastes must also be approached with care for the environment and
human rights. Recovery processes can present the opportunity for contaminants, including persistent
chemicals, to pass into the ecosystem and impact land, air, water, and the food chain [30]. For example,
current use of antibiotics in livestock farming and the spreading of manure to agricultural land has
been linked to increasing antibiotic resistance in people, reinforced by increased waste water recycling
and spreading of sewage sludge on agricultural land. While the implications of higher concentrations
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of pollutants and antimicrobial agents on human health are recognised, effects on the environment are
less clear [15,31,32]. Critical assessment is necessary to ensure that resource recovery processes are
truly sustainable.
Maintaining ecosystem services and a safe and healthy environment for humanity depends on
people exercising their human rights. These include the right to information, public participation
in decision-making, and access to justice; exercising those rights is enhanced by education [24]. The
next sections turn to generating the required shared community-based, scientific and technological
knowledge required in the transition to more sustainable waste and resource management practices.
5. Economic Models of Waste and Resource Flows
The current dominant way of organising waste and resource flows is the linear model. Resources
are extracted or grown, processed into materials, components and products, consumed and then
wasted. This creates the paradox in which humanity continues to deplete virgin resources whilst
adding to waste management issues. A transition adopting an alternative economic model, that returns
and/or maintains people’s practices within fundamental environmental and human boundaries, is
urgently needed. Supply chains need to be redesigned to prevent the technical, environmental, social,
and economic value of materials from leaking into waste at any point in the product life cycle.
Various conceptual starting points have been proposed for designing such a system, e.g., the
‘waste hierarchy’ [33], ‘industrial ecology’ [34], ‘zero waste’, ‘closed loop’ systems (e.g., https://www.
zerowasteeurope.eu/), and ‘the circular economy’ [35], defined by the UK’s Waste and Resources
Action Programme as ‘ . . . an alternative to traditional linear economy (make, use, dispose) in which we
keep resources in use as long as possible, extract the maximum value from them whilst in use, then recover and
regenerate products and materials at the end of each service life’ [36].
Moving towards a CE will rebalance trade-offs between resources used for production and
accessible for consumption, leading to multiple social benefits. Reduced demand for primary materials
will reduce energy consumption and thus CO2 emissions, increase energy security, reduce the demand
for new energy generation capacity, and help meet formal obligations nationally (e.g., the UK 2008
Climate Change Act) and internationally (e.g., the 2016 Paris agreement). It will also reduce demand
for water currently used in industrial and agricultural production processes, increasing domestic
access to clean water. Much load on local transport systems is for the movement of raw materials and
removal of waste; reducing the production of both and matching local waste arisings with secondary
material requirements will ease pressure on roads and rail. In sum, systems that allow recovery of
resources from wastes will increase the supply of valuable and essential resources, ultimately reducing
their cost and providing more equal resource access. Accordingly, a focus on designing recyclability,
reusability, and recoverability into products and processes would greatly increase equitable access
to the value thereby created. It would also provide opportunities for new recovery businesses and
drive innovation in existing industry, increasing employment and decreasing poverty. Arguably, all of
these are key political ambitions globally and in the UK [5,37]. Moreover, using critical resources in a
circular way reduces geopolitical risks associated with their unequal distribution, see, e.g., export bans
and/or tariffs applied to Chinese REMs required by Japanese industries [38] and the EU’s continuous
monitoring of raw materials necessary for low-carbon technologies [39].
These economic systems are well developed theoretically, but their practical
implementation requires
• advances in sciences (economics, environmental, engineering and social) to develop new
processing technologies and business models;
• methodologies that can account for emissions to the biosphere and impacts on the environment,
human health, and social wellbeing; and
• economic models that can assess the true (i.e., economic, social and environmental) costs and
benefits of materials and wastes.
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Implementation also requires social and cultural changes in, e.g., regulatory frameworks,
industrial practice, product design, and consumer behaviour. Mismatches in the scales of operation
between waste producers, waste treatment operators, and the potential consumers of resources
recovered from waste can impede the development of viable markets for recovered resources.
Uncertainties surrounding ownership of many potentially valuable waste streams, rapid fluctuations
in waste-derived resource prices and geographical constraints on the feasibility of waste reuse
(e.g., dislocations between waste providers and new resource users) add further market distortions.
The current waste management sector, in collaboration with designers, manufacturers and users,
will play a key role in addressing these issues, becoming seen as custodians of resources rather than
collectors of rubbish.
6. Science and Technology
Transforming the resource economy from a linear to a circular model requires the development of
new approaches and technologies. At present, the recovery of physical resources such as minerals and
nutrients from wastes is still limited. Haas et al. [40] analysed the circularity of the global economy
in 2005, estimating that, of the 62 Gt materials processed annually, 13 Gt entered the waste stream
and only 4 Gt was recycled. A large proportion of resources remain in stock, and is expected to grow
as new infrastructure such as roads and buildings are realised. Many resources are used as energy
carriers and are hence not available for material recycling. This indicates that the transition to a CE
needs to be accompanied with the uptake of renewable and low-energy resource recovery solutions.
Circularity could further benefit from an increased focus on eco-design [40].
6.1. From End-of-Pipe Approaches to Whole System Design
To increase circularity and enable resource recovery from waste, the focus needs to move from
‘end-of-pipe’ treatments to changes at the product design and manufacturing stages. Materials,
components, and products must be brought to market that are more amenable to being reused,
dismantled, and/or recycled, by considering how resources are transformed during each stage of the
product life cycle from extraction through to disposal. Minimising impacts and maximising benefits
will require that resource and waste management are integrated with each stage of the product life
cycle (see Section 5) to prevent the dissipation of resources into waste.
For example, in polymer products, a major barrier to recycling is the use of multiple polymers in
a single product that cannot be easily separated at the recycling stage. An ‘end-of-pipe’ response to
this would be to develop technology that can separate the polymers for recycling; this will involve the
use of energy-intensive physical, chemical, or thermal processes that use further resources. A system
response would be to work with the producer to redesign the product to use a single polymer, or
design it so that the different materials can be easily separated. This will make recycling easier, quicker,
and more profitable for the waste processor, and provide the producer with a cheaper, cleaner, and
more available stream of recycled feedstock; both actors in the system win, and the environmental
impact is reduced.
Another large potential environmental threat comes from materials that have been relatively
recently introduced in large quantities to the technosphere, such as the cocktail of elements used
in IT and communications technologies, the rare earth metals used in high-performance electrical
motors and generators, the lithium and cobalt compounds used in electrical storage systems, or the
various high-performance composite materials introduced into the transport and power generation
sectors [41,42]. Since such products—e.g., electric vehicles, wind turbines, computers and ‘internet of
things’-enabled products, and the ubiquitous cellphone—are not designed with any significant regard
for the recovery of these critical and/or difficult to recycle materials at the end-of-life stage, they will,
without careful management, eventually enter the biosphere. Knowledge of the environmental effects
of these substances on biogeochemical pathways and ecotoxicity is still limited [15].
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The design of new and future products should have durability, reusability, and recyclability as
primary performance requirements. This needs to be in tune with the technological and processing
capacity of recycling facilities, waste collection practices, and consumer behaviour. Harmonising
the whole system from product design to manufacturing, product use, and recycling will enable an
increased circularity of resource flows.
Nevertheless, large volumes of wastes are already landfilled. This volume of waste is likely to
grow as countless resources that are not designed for circularity are already stockpiled in society
such as in infrastructure. Hence, the need for end-of-pipe technologies will remain. However,
focus should turn to low-energy recycling technologies, such as the exploitation of biogeochemical
processes to recover resources from wastes, moving beyond the simple extraction of minerals to
the creation of high-value functional materials. By manipulating the bio-geochemistry of waste
deposits—i.e., encouraging naturally occurring microbes that inhabit these deposits to extract and
concentrate resources—systems can be designed that are integrated with natural ecosystem processes,
in contrast to the rapid, high-energy, urban-centric industrial processes currently dominating resource
recovery [43,44].
6.2. Multi-Dimensional Value Assessments for Circular Supply Chains
To ensure that resource recovery solutions truly contribute to rebalancing resource use within
planetary and societal boundaries, new valuation approaches need to be developed. Resource
management sits in broader contexts, including the effect of changing climates, economic globalisation,
and growing human populations on increasingly complex supply chains, affecting food, water, and
energy security at local, national, and global scales [6,26]. It is important to develop valuation methods
that can appreciate and internalise all crucial factors that have influence on and/or are impacted by
resource recovery from waste. It has been recognised by government and academia that a reliance
on financial cost-benefit analysis (even if modified to include some consideration of social and/or
environmental value) as the core of any decision-making process in infrastructure systems is doomed
to deliver flawed strategies [45] that in the long run will not deliver value for taxpayers or investors.
There is no reason to suspect that our resource recovery infrastructure should be any different [46].
Multi-dimensional value assessments include a move away from a sole focus on the financial
viability of single processes and instead consider, e.g., ecosystem services, new business models,
system-wide value creation and distribution, regulations, traceability and consumer perception [47].
They aim to analyse the creation, distribution, and dissipation of ‘multidimensional value’—impacts
and benefits in the environmental, technical, social, and economic domains—associated with each
stage of the product life cycle. This can identify where interventions in the system need to be made that
maximise overall value creation (i.e., benefits) and/or minimise overall value destruction (i.e., impacts)
and plan suitable transition pathways towards sustainable resource recovery.
A wider socio-economic ‘systems’ perspective is also essential to removing barriers to improved
resource recovery from waste. For example, recycling involves identifying suitable industries to receive
the waste and thus impacts economic systems; collection involves changing behaviours to preserve the
value of household waste and thus impacts social systems; changing design practices to add reusability
and recyclability involves changing manufacturing processes and product perception and thus impacts
both technical and cultural systems.
Decisions regarding the environmental trade-offs between alternative methods of avoiding,
recycling, and/or treating waste are often made more difficult because evidence of (environmental)
impacts of new waste technologies may be scarce and must be gathered from across multiple scientific
disciplines and scales, complicating the analysis. Thus, the purported environmental benefits of
various options (e.g., reduced air pollution, increased biodiversity, and more appropriate land use) can
be hard to justify quantitatively. There is a need for tools supporting decision making in the absence of
perfect environmental, economic, or social data.
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With considerable uncertainties regarding the emerging circular or cascading supply chains
prevalent, a deterministic tool calculating the ‘right’ decisions would be misleading. Instead, a tool
that supports collaboration for the exploration and formulation of sensible arguments for resource
recovery solutions within the dynamic global environmental, social, technological, and economic
contexts would be more suitable, enabling the integration and solution of various societal issues.
7. Rebalancing Resource Recovery and Waste Overload
The environmental and social boundaries and economic changes outlined in the preceding
sections are evidently well-recognised throughout the political arena and industry. Key issues such
as pollution, resource scarcity, and climate change have been underlined in mainstream society for
decades (e.g., [48,49]). Importantly, businesses acknowledge the value of the CE; a third of CEOs
globally are looking to take up circular models [50]. However, global progress towards sustainable
waste and resource flows has been limited and, in fact, reverse trends have been observed since
1999/2000 [7]. Natural resource use has accelerated in the past 40 years, despite slowing economic and
population growth. While material efficiency increased until the turn of the millennium, it has been
decreasing ever since; driven by accelerated resource use and global production patterns shifting from
countries with high to low resource efficiency.
This section turns towards enabling change in waste and resource management throughout
society. The fact that 76% of UN SDGs contain targets with a direct bearing on waste and resource
management indicates its relevance for a broad variety of societal factors and associated actors
(Section 2). The preceding sections imply that the transition towards a CE within environmental and
social boundaries involves multiple actors, including
• designers, manufacturers, consumers, and waste processers along the supply chain;
• academia to provide the evidence base, enabling technologies and analytical tools; and
• politicians and regulators to provide legislation that changes behaviours and supports markets,
supported by NGOs where governments have failed.
Individual concerns, perceptions and knowledge of these actors need to be joined up through
social debate, proposing increasingly coherent changes, linking concerns and solutions across multiple
interests through social learning, leading to the construction of shared values, problem perceptions, and
solution spaces that can function as ‘windows of change’ for radical transitions towards a CE [11,51].
Participatory governance is a known approach for such transition processes seeking to solve complex
environmental problems involving multiple actors at multiple scales [52].
7.1. Participatory Approaches for the Circular Economy
Participatory governance involves stakeholder engagement processes, which can range from
informing to listening, consulting, co-producing, co-deciding, and full autonomy [53,54] (Figure 3).
Stakeholders should be engaged at levels appropriate to their influence and interest. This can be
based on factors related to various types of capital, such as the possession of key information, finance,
human resources, social contacts that can be mobilised for problem solving, political power, or market
positions. Aside from the necessity to engage stakeholders that have key ingredients required to
identify and solve particular problems, higher participation levels have also been proposed as a
mechanism to create greater commitment amongst stakeholder in power to deliver the envisioned
societal changes.
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Figure 3. In the transition towards waste and resource management, relevant stakeholders need to be
engaged and collaborate at participation levels ranging from informing to co-deciding.
Participation processes can be used to explore perceptions from multiple stakeholders regarding
a particular problem. Stakeholders share perceptions that are negotiated to reframe the problem,
starting to converge stakeholder views. In this way, shared solution spaces can be identified or forged,
providing a basis to frame radical, transformative changes such as those required for the transition
towards a sustainable CE.
Participatory governance has been associated with a range of interconnected social benefits.
Through the shared production of knowledge and solutions, participation processes can [52,55,56]:
• contribute to greater social inclusiveness and empowerment of stakeholders;
• promote social learning and thereby strengthen connections between diverse societal seg ents
and transform adversarial relations (for example, between proponents of environmental protection
and economic growth);
• increase t e quality of i formation and solutions, not least due to embeddedness into specific
(geographic) contexts; and
• increase acceptance and commitment o the solution that can also contribute to prevention of
implementation issues and consequently reduce costs when bringing a solution into practice.
In sum, higher stakeholder engagement levels should positively impact the quality, legitimacy,
speed, and cost with which solutions are implemented. Given this range of benefits that are important
for sustainable development, it is no surprise that participation processes have been recommended
by influential global actors in addressing social and environmental issues in an integrated
manner [5,9,24,55].
The academic community can adapt these techniques to contribute to developing transformative
changes through participatory action research (PAR). In this way, academia can contribute to
knowledge for, and the actual implementation of, sustainable development and CE; an area of work
in waste and resource management that requires urgent attention [57–60]. PAR approaches have the
dual purpose of bringing societal change and contributing to scientific progress [61]. A diversity of
stakeholders is involved in achieving both purposes. PAR usually develops through a cycle of activities,
although exact descriptions of the approaches differ [61,62] (Figure 4). A stakeholder group is formed
(1), issues are identified and analysed followed by identification of solutions and opportunities for
change (2), solutions are shared and discussed collectively after which each stakeholder reflects upon
the proposed change and then implements it (3), and the PAR cycle concludes with evaluation of the
process (4). In some cases, stakeholders may decide in the fourth stage that further societal changes
are needed, possibly with an extended/adapted network of participants, leading to the start of a new
PAR cycle.
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Diverse stakeholder involvement from across society is key to PAR approaches. Identification
of relevant stakeholders is important (for an overview of stakeholder analysis techniques, see [63])
to enable more plural processes, leading to more learning and, consequently, more change [55].
In natural resource management, more diversity is linked to ecosystem stability, while in participatory
governance it is associated with change. This apparent contradiction can be reconciled with the concept
of proximity, which theorises optima for various types of absolute and relative proximity including
the cognitive differences between actors engaged in innovation and learning [60,64]. Some cognitive
diversity is necessary to enable learning, while too much diversity can pose barriers to learning and,
consequently, (societal) change. Waste and resource management would form an interesting case to
test the hypothesis whether optima for pluralism in PAR exist and, as suggested in various industrial
ecology publications and conferences, varies depending on contextual conditions.
7.2. Participation Strategy of the Resource Recovery from Waste Programme
The Resource Recovery from Waste programme (RRfW) [6] draws upon PAR methods to achieve
its strategic purpose striving for a paradigm shift in waste and resource management in the UK.
The participation strategy was initiated with a three-stage process:
1. Stakeholder and network analysis
2. Understanding learning and innovation pathways
3. Detailing engagement activities
In 2014, RRfW started with 86 formal academic, industry, and government partners. A further
73 organisations expressed support or interest in the programme and its projects. A stakeholder
analysis of programme partners identified organisations that were most specialised for, and were the
most likely to impact on, waste and resource policy. A further social network analysis was used to
identify pathways to impact the UK government and industrial practice. The stakeholder and network
analyses revealed that it was already a large network, with strong non-academic representation of 50%
industry and 10% government partners as well as many partners working in knowledge exchange,
which could support our dissemination capacity. However, it was a very loose-knit low density network
and, arguably, to benefit from the collective ability to develop, share and take up knowledge for radical
economic change, would require stakeholder integration to form a transdisciplinary community of
people working for the transition towards a CE. It also became clear that government bodies outside
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the waste and resource management sphere, but with a strong influence on the sector, were not yet
within the programme’s network of direct contacts. Hence, strategic targets for network expansion
were set and achieved alongside the development and delivery of the participation strategy.
The ways in which government and industry partners were learning and innovating were
analysed to ensure RRfW was engaging them in the right manner to change practices and mentality
regarding waste and resource management. The waste and reprocessing industry was surveyed at the
Resource and Waste Management exhibition covering questions on the following [65]:
1. learning and innovation mechanisms;
2. openness to external (compared to in-house generated) knowledge;
3. the types of contacts considered reliable and trustworthy when gathering information about
changing business practices, business improvements, and innovations; and
4. the types and credibility of communication channels used when exchanging information with
the identified knowledge providers.
Similarly, government perspectives on learning and innovation through collaboration with
academia were captured through semi-structured interviews that were part of the co-creation of
a vision and approach for waste and resource management in the UK (further discussed below) [66].
The strategic network expansion targets, formed on the basis of the stakeholder- and network
analyses, and the results on understanding learning- and innovation processes by government and
industry were integrated with engagement activities. Engagement activities covered the full spectrum
of the participation ladder, from informing to co-deciding. The philosophy behind this approach is to
capture a wide audience of existing and new partners with activities to inform stakeholders through,
for example, social media, networking and presenting at events, and scientific and professional
publications, and, after this initial contact, to engage them in activities at increasingly high participation
levels. This involves activities to consult and be consulted such as hosting events and membership of
relevant industry and government committees, to co-produce research through hosting workshops and
placements, and finally to co-decide on research from design to dissemination through co-authoring
publications and the contents of industry and regulatory standards. In theory, this increasing level
of participation should create a sense of ownership for, and commitment to, the research outcomes,
leading to a higher level of uptake during and upon completion of RRfW. This should contribute to
the strategic purpose of RRfW, to realise change in mentality, business practices, and policies and
regulations in the waste and resource management landscape of the UK.
RRfW will run long enough to cover two PAR cycles. After discussion with key stakeholders,
the first PAR cycle started to focus on the creation of a shared vision and approach for waste and
resource management in the UK, which soon focused on CE. This activity has a dual purpose for
RRfW: (1) engage stakeholders in creating a vision and approach for the uptake of CE and RRfW
technologies, and (2) deepen the understanding of how stakeholders think and change, their drivers,
etc. to sketch out transition pathways, including mentality and practice changes. The first part is about
understanding what needs to change and the actions required to get there, and the second part is about
understanding how stakeholders can be guided to work in the same direction. The co-creation process
will cover four stages, capturing academic, government, and industry perspectives, which will then be
integrated in the fourth and final stage. Findings will be shared throughout the co-creation process.
Moreover, aptitude and opportunities for the second PAR cycle will be monitored.
Early engagement successes include the establishment of a LinkedIn network with over 300 key
actors in waste and resource management. Industry and government have been regularly engaged
through presentations and networking at 1–2 events per month. This stream of activities to inform
contacts built up to a successful trans-disciplinary RRfW conference with academic, industry, and
government participation, followed by a workshop facilitating social debate between these actors.
Co-creation activities for a vision and approach towards the CE were carried out with our academic
and government contacts, as described above. The resulted in a conference article co-authored with
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government partners for the International Sustainable Development Research Society conference
2017 [67], showing a high level of identification with RRfW results from existing and new contacts such
as in the Department for Environment, Food and Rural Affairs (DEFRA), Department for Business,
Energy and Industrial Strategy (BEIS), Zero Waste Scotland (ZWS), and the Environment Agency (EA).
The co-creation process also sparked new contacts with the National Infrastructure Committee (NIC)
and identified a demand for a review of CE infrastructure in the UK, which was met within RRfW [46].
RRfW also actively contributed to government and industry debate around CE through workshops
hosted by BEIS (on CE strategy for energy intensive industries) and NIC (on waste management
infrastructure priorities) as well as consultations and committees such as the BS8001 standard for
circular economy and the Policy Connect ‘Brexit series’ event on waste policy. Emerging contacts
were galvanised in seven transdisciplinary projects, also bringing together researchers from across our
network, building a community around resource recovery to enable reciprocal communication and
uptake of RRfW results. Last but not least, RRfW is starting to see the first signs that government and
industry are internalising research outcomes, through presentations, strategies, and reports produced
by our non-academic partners.
8. Conclusions
This article has demonstrated that waste and resource management plays a key role in sustainable
development within environmental and societal boundaries. With various boundaries crossed already,
a transition towards a circular economy is urgently needed. To envision and realise the required
changes, multiple actors from across society need to be engaged. Academia can contribute through
participatory action research on the circular economy. In this way, shared solutions can be identified
and detailed, creating a window of opportunity for the transition towards a circular economy that
contributes to a resilient environment and human well-being.
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